Since the advent of gene manipulating techniques, it has become increasingly important to study the neural functional properties of the mouse. The bcl2 gene has a powerful inhibitory action on naturally occurring cell death. As a consequence the brain of bcl2 overexpressing mouse is 1.5 times bigger than the brain of a wild type animal and the retina has more than twice the ganglion cells than normal (Martinou, Dubois-Dauphin, Staple, Rodriguez, Frankowski, Missotten, Albertini, Talabot, Catsicas, Pietra, & Huarte (1994). Neuron, 13: 1017-1030). Since in most mammals the upper limit of behavioural visual acuity is imposed by ganglion cells density, the visual acuity should be higher in bcl2 mice than in wild type mice. We measured behavioural visual acuity in wild type and transgenic mice and, contrary to the expectation, we found it to be of the same order (0.5-0.6 c/deg) in the two groups of animals, indicating that an increase in ganglion cells density is not effective in improving visual resolution.
Introduction
Traditionally, the mammalian visual system has been the selected model for studies in plasticity and development. Transgenesis and gene targeting allow generation of lines of mice with specific alterations in their genomes and the visual system of the mouse is increasingly used as a model for anatomical, physiological and molecular investigations (Gerlai, 1996; Gordon & Stryker, 1996; Sibilia & Wagner, 1996) . In contrast, very little is known about the mouse visual abilities (see for instance Sinex, Burdette & Pearlman, 1979; Herreros de Tejada, Muñ oz Tedò & Costi, 1997) .
In this report we describe behavioural experiments aiming at measuring visual acuity of wild type mice and comparing it to a transgenic line of mice. The latter is a line of mice generated by Martinou and collaborators (Dubois-Dauphin, Frankowski, Tsujimoto, Huarte & Martinou, 1994; Martinou, Dubois-Dauphin, Staple, Rodriguez, Frankowski, Missotten, Albertini, Talabot, Catsicas, Pietra & Huarte, 1994) constitutively overexpressing the human bcl2 gene in most CNS neurons starting from embryonic day 13. The bcl2 gene belongs to a gene family which controls naturally occuring cell death. It codes for a protein that protects cells from apoptosis. As a consequence the brain of the adult transgenic mice is 1.5 times bigger than the wild type one, at least in terms of number of neurons (Martinou, Dubois-Dauphin, Staple, Rodriguez, Frankowski, Missotten, Albertini, Talabot, Catsicas, Pietra & Huarte, 1994) . The transgenic optic nerve has more than twice as many fibres as the wild type nerve (Cenni, Bonfanti, Martinou, Ratto, Strettoi & Maffei, 1996) . A consistent increment is found in the ganglion cell layer density of the transgenic retina. Bcl2 immunoreactivity has been found in the majority of cells in the inner nuclear layer and in all cells of the ganglion cell layer, but no expression has been found in the photoreceptors.
This fact opens the question of possible functional differences between the nervous systems of wild type and bcl2 mice. Although in man and other primates foveal visual acuity is limited by the density of cones, in lower mammals the upper limit of the visual acuity is imposed by the peak density of the retinal ganglion cells mosaic. For most species the behavioural visual acuity is very close to the acuity estimated from ganglion cells density (Hughes, 1977; Pettigrew, Dreher, Hopkins, McCall & Brown, 1988) . It may be expected, therefore, that visual acuity is higher in the transgenic bcl2 mouse than in the wild type animal. To test this prediction, we measured behavioural visual acuity with a two-alternative forced choice procedure in two groups of animals. The visual acuity of wild type mice has been found to be less than 1 c/deg (0.5 -0.6 c/deg) and the acuity of bcl2 animals has turned out not to be better. A preliminary account of this work has been given elsewhere in abstract form (Gianfranceschi, Fiorentini, Maffei & Porciatti, 1996) .
Methods

Animals
In this study we used hybrid mice derived from breeding C57BL/6J with line NSE73a of transgenic mice expressing human bcl2 gene under the control of neuron-specific enolase promoter (Martinou, DuboisDauphin, Staple, Rodriguez, Frankowski, Missotten, Albertini, Talabot, Catsicas, Pietra & Huarte, 1994) . The colony started from one albino male and it was fostered by crossing males heterozygous for the transgene with C57BL/6J females. Albino offspring were used only for reproduction and the experiments were carried out only on pigmented mice. At 4 -5 weeks postnatally the animals were weaned and their genotypes were determined with PCR analysis of tail DNA samples. The bcl2 negative genotyped mice were used as wild type controls.
Our studies were carried out with mice 3 -5 months old. Four wild type (two males and two females) and four bcl2 overexpressing mice (two males and two females) were used. Their weights were reduced to 85 -90% by restricting food intake. Water was available at all times in the home cage. The mice were kept on a 12 h light-dark cycle with lights on at 07.00 h. They were housed in groups of two mice and were tested between 09.00 and 13.00 h. All procedures were in compliance with the Vision Research guidelines on the Use of Animals in Research.
Apparatus
The apparatus was a maze modified from Wiesenfeld & Branchek (1976) . It consisted of a start box (15 × 15 cm) with a sliding door, a choice area (15 × 20 cm) with two clear plexiglas swinging doors which lead to two parallel alleys (30 cm long) that ended with stimulus cards. Each swinging door could be blocked by a release electromagnet. At the end of each alley round plexiglas food cups (2 ×2 cm) were placed in front of the stimulus cards. The apparatus was illuminated from above with a tungsten filament lamp. The stimulus cards were 15× 15 cm high contrast (75%) gratings with a mean luminance of 25 cd/m 2 . Great attention was paid to ensure that mice would not use either visual cues (the walls and the floor of the box where covered with matt black material) or odorous local cues.
Beha6ioural procedure
Mice were trained to discriminate between pairs of vertical and horizontal gratings of the same spatial frequency. The correct choice (vertical) was rewarded by 15 mg of powdered mice pellet and the subject was allowed to go back through the swinging door to the start box where it found another 15 mg of food. Following the wrong choice (horizontal) the food reward was omitted, the way back was barred by blocking the swinging door and the mouse was picked up by the tail and put back into the start box.
Training proceeded in stages. Pretraining consisted of three daily sessions 1 h long each. In order to get used to the apparatus the subject was let free to move and to eat pellets everywhere in the maze. Training sessions consisted of 80 trials per day and continued until a criterion of 90% correct choices was achieved for three consecutive days. During the first two training sessions punishment of wrong choices was omitted: the subject was allowed to associate the schedule: 'choice-rewardcome back to the start point-reward'. On the third session punishment was introduced and the position of the vertical and horizontal stripes was alternated in a pseudorandom series (Gellerman sequence). Spatial frequency of training gratings was kept at 0.15 c/deg.
Testing sessions followed a staircase procedure (Cornsweet, 1962) . Staircases consisted of blocks of four forced-choice trials each. Spatial frequency was increased or decreased by 0.1 c/deg after a block according to the number of correct choices (increased if three or four correct choices were made and decreased otherwise, see Fig. 1 ). Daily estimates of visual acuity were obtained from the staircase in order to establish when the animal reached an approximately constant level of performance from session to session. The proportions of correct responses obtained in the various sessions were then pooled to obtain frequency-of-seeing curves (see Section 3).
Results
The behaviour of the bcl2 overexpressing mice (bcl2) was found to be indistinguishable from that of wild type (wt). Neither the motor nor the eating behaviour of the transgenic animals showed any obvious abnormalities. Bcl2 females were sterile because of an imperforated vagina (Martinou, Dubois-Dauphin, Staple, Rodriguez, Frankowski, Missotten, Albertini, Talabot, Catsicas, Pietra & Huarte, 1994) . However their behaviour seemed not to be influenced by this phenotype.
No particular difficulty was encountered in training the animals of either group in the discrimination task. Four animals (two bcl2 and two wt) reached criterion in the fourth session and the other animals in the sixth or seventh session. Fig. 2 shows mean learning curves of bcl2 and wt as percentage of correct choices per session until criterion was reached. The number of trials per session was at least 80. No significant difference was found between the two groups of animals (two way ANOVA, P=0.95).
Frequency-of-seeing curves (Fig. 3) show pooled data collected from staircase daily sessions. The differences in the slope of the curves of the various animals reflect their individual approach to the task. The number of trials was at least 60-120 for each spatial frequency. Since a smaller number of trials were available at higher spatial frequencies, data from the three highest spatial frequencies (0.8, 0.9, 1.0 c/deg) were pooled. The behaviour of single animals appeared to be fairly constant in subsequent experimental sessions. This was checked in particular for Bc1 and Wt1 which were tested for a further number of sessions after having collected a number of trials as mentioned above. Psychometric functions were fitted from the experimental data of each animal by probit analysis (Finney, 1971) . Acuities were taken as the point at which the fitted curve fell to 70% correct. The estimated visual acuity of the four wt are: 0.5, 0.56, 0.59, 0.4 c/deg (mean 0.519 SD 0.08); those of bcl2 mice are: 0.6, 0.74, 0.56, 0.53 c/deg (mean 0.619SD 0.09). The mean acuities of the two groups of animals are of the same order.
It has also to be noted that the slope of the frequency-of-seeing curves is such that one could not expect to find significant small acuity differences between the two groups of animals.
Discussion
The experiments reported above are the first behavioural evaluation of the visual acuity of the wt mouse with a forced choice procedure. Our findings, indicating a visual acuity of about 0.6 c/deg, are in good agreement with the results by Sinex, Burdette & Pearlman (1979) who measured house mouse and reeler mutant grating sensitivity by optokinetic responses, and with estimates of acuity derived from electrophysiological recordings (Porciatti, Pizzorusso, Cenni & Maffei, 1996; Pizzorusso, Porciatti, Strettoi & Maffei, 1997) .
In species that have a one-to-one correspondence between cones and ganglion cells in the highest density region of the retina, like the primate fovea, the upper limit of visual acuity is imposed by the density of the cone mosaic (e.g. Perry & Cowey, 1985) . In species in which there is a significant degree of convergence of cones onto ganglion cells, visual acuity can be estimated from the peak density of the retinal ganglion cells (RGC) mosaic (Pettigrew, Dreher, Hopkins, McCall & Brown, 1988) , taking into account the retinal magnification factor (RMF), i.e. the distance on the retina subtending 1°of visual angle (Table 1) .
Examples of behavioural and estimated visual acuity of a number of mammals are reported in Table 1 and plotted in Fig. 4 . For most species the behavioural visual acuity is very close to the estimated acuity, while for the rat and the mouse whose habits do not depend primarily upon vision, the behavioural visual acuity is lower. For the house mouse the ratio of behavioural to estimated visual acuity is more or less in the same range as for the rat. For the overexpressing bcl2 gene mouse (Martinou, Dubois-Dauphin, Staple, Rodriguez, Frankowski, Missotten, Albertini, Talabot, Catsicas, Pietra & Huarte, 1994) because of a higher RGC density one could expect a higher behavioural visual acuity as compared to the wt mouse. We have found, however, that the behavioural transgenic mouse acuity is of the same order as that of the wt mouse (Fig. 3) and certainly does not approach a value twice as large.
Such findings could be due to non-specific behavioural abnormalities of the transgenic animals. This seems unlikely, however, at least for two reasons. First, we did not observe any unusual motor or eating behaviour during the performance of the task. Second, Retinal magnification factor (RMF) is defined as the retinal distance subtending 1 deg of visual angle: RMF =2pPND/360 were PND is the posterior nodal distance of the eye. Assuming a square sample array of ganglion cells, RMF can be used to compute the number of ganglion cells per linear degree from the square root of maximal density (D). Acuity is estimated in cycles/degree as half the number of RGC per linear degree: Estimated visual acuity =(D /2) RMF. a RGC density is the mean of nasal and temporal zone of highest density. b This is the visual acuity for aerial vision. The water/air refractive index causes the image size in air to be 0.75 of image size in water. c this value is the mean of the acuities of horses H1 and H2. d acuity from optomotor response. References: 1, Stone (1978) ; 2, Vakkur & Bishop (1963); 3, Hughes (1981) ; 4, Blake et al. (1974); 5, Fiorentini et al. (1995); 6, Peichl (1992); 7, Hughes (1977); 8, Miller & Murphy (1995); 9, Mass & Supin (1995); 10, Herman et al. (1975); 11, Robinson et al. (1987); 12, Hughes (1972); 13, Vaney (1980); 14, Van Hof (1967); 15, Hebel (1976); 16, Timney & Keil (1992); 17, Pettigrew et al. (1988); 18, Harman et al. (1986); 19, Perry (1981); 20, Hughes (1979); 21, Birch & Jacobs (1979); 22, Wiesenfeld & Branchek (1976) . Fig. 4 . Visual acuity estimated from retinal ganglion cell density compared to behavioural visual acuity (see Table 1 ).
Another possible explanation is that the limit for achievement of higher visual acuity is imposed by the density of cones, if in the transgenic mouse this were lower than the ganglion cell density. From data available in the literature, in the adult mouse retina the cones make up 2-3% of the photoreceptors (Carter-Dawson & LaVail, 1979) , that amounts to 120000-180000 cones. In the mouse retina, both the cone and the ganglion cell densities do not show a substantial variation from the periphery to the centre (ratio B 1:2; Drager & Olsen, 1981) . Since the total number of retinal ganglion cells (RGCs) of the wt retina is about 45000 (Cenni, Bonfanti, Martinou, Ratto, Strettoi & Maffei, 1996) the cone number exceeds largely the number of ganglion cells and the visual acuity is not limited by the cone density in this animals. In the transgenic animal the transgene is not expressed in the photoreceptors layer and one could reasonably assume that the number of cones is not larger than in the wt mouse. Since in the bcl2 mouse the RGCs are about 112000 (Cenni, Bonfanti, Martinou, Ratto, Strettoi & Maffei, 1996) , this number is expected to be lower than the number of cones. Therefore, the number of photoreceptors should not be the limiting factor for visual acuity in the transgenic mice. Even if it were so, the expected bcl2 visual acuity should significantly exceed the wt acuity.
In conclusion, the present findings show that the presence of more neurons than normal and hence a higher estimated acuity do not translate into a proportionally higher behavioural visual acuity. A possible reason for the occurrence of this mismatch between estimated and behavioural visual acuity is a rewiring of the visual pathway. As a site for this rearrangement to occur the retina itself cannot be excluded. A gross estimate of retinal spatial resolution suggests that this may be of the same order in bcl2 and wt (Porciatti, Pizzorusso, Cenni & Maffei, 1996) . However it cannot be excluded that the bcl2 visual acuity is the outcome of rewiring of other pathways at more central levels.
A final point of general biological interest is the observation that bcl2 mice, in spite of a drastically reduced natural cell death, show normal behaviour and visual performance. Classically, natural cell death processes are believed to be a necessary means for shaping the final neurons connections. It is worth to point out that at least the bcl2 visual system seems to make an exception to this rule. and more important, the amount of practice required to reach criterion does not differ in the two types of mice, as shown by the learning curves of Fig. 2 .
An explanation in terms of limits imposed by the optical system of the eye is also very unlikely. In most eyes the limitation in optical resolution due to neural factors exceeds limitations imposed by optical factors (Campbell & Green, 1965; Hughes, 1977) . This is true in particular for the eye of the rat that has an optical system quite comparable in its properties to that of the mouse, apart from the difference in size (Remtulla & Hallet, 1985) . From data derived for animals of many different species Green, Powers & Banks (1980) pointed out that the depth of focus of an eye is inversely proportional to the eye size and to its visual acuity, indeed small eye size and low acuity produce a large depth of focus. Since the eye of the mouse is very small (Remtulla & Hallet, 1985) and the pupil diameter is less than 1 mm, its depth of focus should be very large and exceed 9 10 D. This is in agreement with the absence of any obvious ciliary muscle for ocular accommodation in mice and rats observed by Woolf (1956) . No evident difference in pupil diameter and eye size was observed in the bcl2 overexpressing mouse with respect to the wt mouse. The very large depth of field that should be expected for this eye, should assure that optical factors do not impose a limit to its behavioural acuity. Moreover VEP recordings from our laboratory (carried out with natural pupil and mean stimulus luminance near to that of our behavioural test) have shown that the VEP acuity is unaffected by lenses 9 10 D in power set in front of the eye, neither in the wt nor in the bcl2 mice (Porciatti, personal communication) .
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